Atherosclerosis is an inflammatory-fibrotic response to accumulation of cholesterol in the artery wall. In hypercholesterolemia, low density lipoproteins (LDL) accumulate and are oxidized to proinflammatory compounds in the arterial intima, leading to activation of endothelial cells, macrophages, and T lymphocytes. We have studied immune cell activation and the autoimmune response to oxidized LDL in atherosclerotic apo E-knockout mice. Autoantibodies to oxidized LDL exhibited subclass specificities indicative of T cell help, and the increase in antibody titers in peripheral blood was associated with increased numbers of cytokine-expressing T cells in the spleen. In addition to T cell-dependent antibodies, IgM antibodies to oxidized LDL were also increased in apo E-knockout mice. This suggests that both T cell-dependent and T cell-independent epitopes may be present on oxidized LDL. In moderate hypercholesterolemia, IgG antibodies were largely of the IgG2a isotype, suggesting that T cell help was provided by proinflammatory T helper (Th) 1 cells, which are prominent components of atherosclerotic lesions. In severe hypercholesterolemia induced by cholesterol feeding of apo E-knockout mice, a switch to Th2-dependent help was evident. It was associated with a loss of IFN-gamma-producing Th1 cells in the spleen, whereas IL-4-producing Th2 cells were more resistant to hypercholesterolemia. IFN-gamma but not IL-4 mRNA was detected in atherosclerotic lesions of moderately hypercholesterolemic apo E-knockout mice, but IL-4 mRNA appeared in the lesions […] 
Introduction
Lipoprotein oxidation seems to play a key role in the development of atherosclerosis. Low density lipoproteins (LDL) are oxidized in tissues including the artery wall, releasing oxidation products that activate an inflammatory response (1, 2) . For instance, lysophosphatidylcholine and oxidized sterols may activate macrophages and endothelial cells to generate oxygen radicals and express adhesion molecules (3) (4) (5) (6) (7) . This increases LDL oxidation and leads to recruitment of immune cells to the arterial intima (4, 5) . Macrophages internalize oxidized (ox) 1 LDL via their scavenger receptors and transform into foam cells (8) . T cells recruited to the lesion recognize epitopes on oxLDL presented to them by the macrophages and initiate an immune response (9) . By secretion of cytokines, this may affect many different aspects of atherogenesis, including oxLDL uptake, radical production, adhesion molecule expression, smooth muscle proliferation, and vascular contractility. Thus, significant effects on atherosclerosis and ischemic heart disease have been reported in immunodeficient experimental animals and humans, respectively (10) (11) (12) (13) (14) (15) (16) .
The immune response against oxLDL results in antibody production (17, 18) . High titers of anti-oxLDL antibodies are found in atherosclerotic patients and in experimental animals with hypercholesterolemia (18-25). Both IgM and IgG antibodies are generated, suggesting that both T cell-dependent and -independent pathways for B cell activation are involved in the immune response against oxLDL (21) .
The development of murine models permits a dissection of immune mechanisms in atherosclerosis. Mice with a targeted disruption of the apo E gene (E 0 mice) develop severe atherosclerosis that progresses from fatty streaks to fibrofatty plaques and advanced lesions (26-28). There is a prominent immune component in these lesions, with a dominance of macrophages and CD4 ϩ T cells (29) . Crossbreeding of E 0 mice with immunodeficient knockout mice has revealed that T and B cell-deficient mice exhibit reduced atherosclerosis (12, 30) . However, the importance of immune cells is reduced in severe hypercholesterolemia (12) . A more detailed dissection of the immune component indicates that IFN-␥ responses accelerate atherosclerosis severely (11) , suggesting that the IFN-␥ -producing T helper (Th) subset of T cells is proatherogenic. E 0 mice develop high titers of anti-oxLDL antibodies (31). Hybridomas generated from their spleens secrete both IgM and IgG antibodies that recognize oxidation-induced epitopes on LDL (21) . The most common of these epitopes are alde-h d d h k hydes conjugated to lysine residues, particularly malondialdehyde (MDA)-lysine (21) . Such aldehydes are formed during lipid peroxidation, and antibodies with the same specificity are found also in patients with atherosclerosis (18, 32) . Whereas B cells can detect a variety of small molecules such as MDA-lysine, T cells usually recognize oligopeptides associated with major histocompatibility molecules (33, 34). Therefore, the role of T cells in autoantibody responses to ox-LDL, if any, has been unclear. B cells can produce antibodies without T cell help, and the high titer of IgM antibodies to ox-LDL (21) may reflect T cell-independent B cell activation. However, the maturation of antibody responses requires T cell help (35) . In the mouse, production of IgG1 antibodies depends on help by Th2-type CD4 ϩ T cells, whereas switching from IgM to IgG2a requires Th1 help. Both types of help involve secretion of specific T cell cytokines: Th2 cells make IL-4, IL-6, and others, whereas Th1 cells secrete IFN-␥ (35) .
To evaluate the role of T cells in autoimmune responses to oxLDL in atherosclerosis, we have analyzed anti-MDA-LDL antibodies and T cell cytokines during disease progression in E 0 mice. We found evidence for T cell help with production of Th1-dependent IgG2a antibodies that peak during the fatty streak phase and with secretion of IFN-␥ both in the spleen and in the plaque itself. However, severe hypercholesterolemia was associated with a switch towards a Th2-driven response, with increasing numbers of IL-4-producing Th2 cells in the spleen, a dominance of IgG1 anti-MDA-LDL in the circulation, and the appearance of IL-4 transcripts in the plaque. These data show that T cell activation and the T cell help to autoantibody production depend on the cholesterol level. The type of immune activation may affect the molecular events governing the progression of atherosclerosis, and our data could explain why the importance of immune defects seems to vary with the plasma cholesterol level in E 0 mice (12).
Methods
Animals. Male E 0 mice (27) bred into a C57BL/6 background (strain C57BL/6J-Apoe tm1Unc ) were obtained from The Jackson Laboratory (Bar Harbor, ME). 8-wk-old mice were fed either a pelleted high cholesterol diet with 1.25% cholesterol (see below), a "Western" diet with 0.15% cholesterol, or normal mouse pelleted chow. Normal male C57BL/6 mice were obtained from Charles River Sverige AB, (Uppsala, Sweden) and fed normal chow. Blood was obtained from the tail vein of live mice and by heart puncture in conjunction with killing. Mouse sera were centrifuged at 14,000 g for 30 min to remove chylomicrons and stored at Ϫ 80 Њ C. Groups of four to six animals were killed in carbon dioxide after 5, 10, or 15 wk of diet treatment.
Diets. The high cholesterol and Western diets were prepared as pellets by AnalyCen (Linköping, Sweden). The high cholesterol diet contained 25.7% protein and 8.75% fat and was based on corn starch, casein, glucose, sucrose, cocoa butter, cellulose, minerals, cholesterol, and a vitamin mix. The cholesterol content was 1.25%, cholic acid was 0.5%, and the energy content was 14.3 MJ/kg. The Western diet included 21% fat and was also based on corn starch, casein, glucose, saccharose, cocoa butter, cellulose, minerals, cholesterol, and a vitamin mix without sodium cholate. The cholesterol level was 0.15%. The normal mouse chow (Brood stock feed R3) was purchased from B & K Universal AB (Sollentuna, Sweden). It contained 5.0% fat, with Ͻ 0.05% cholesterol and an energy content of 13.0 MJ/kg.
Serum cholesterol analysis. The cholesterol concentration in mice sera was determined using a cholesterol oxidase-based method (Merck Diagnostica, Darmstadt, Germany) and an Ultrolab system (Beckman Instruments, Inc., Fullerton, CA).
Lipoprotein isolation. Venous blood was obtained from healthy human donors after an overnight fast and pooled into vacuum tubes containing Na 2 EDTA (1 mg/ml). LDL was isolated from plasma by ultracentrifugation through a discontinuous NaCl gradient of 1.020-1.063 mg/ml for 16 h at 4°C in an L8-80 ultracentrifuge (Beckman Instruments, Inc.) using a 50.3 Ti fixed-angle rotor (Beckman Instruments, Inc.) The protein content was determined by the Lowry method, and the LDL preparation with added Na 2 EDTA (1 mg/ml) was sterile filtered, kept at 4 Њ C under N 2 , and used within 2 wk.
Modification of LDL. MDA was generated from malondialdehyde bis dimethylacetal (Sigma Chemical Co., St. Louis, MO) by acid hydrolysis. Briefly, a mixture of 96 l 4 M HCl, 704 l malondialdehyde bis dimethylacetal, and 3,200 l double-distilled H 2 O was vortexed and incubated for 10 min at 37 Њ C. The reaction was stopped by adjusting the pH to 7.4 with 1 M NaOH. To produce MDA-LDL (32), LDL was gel filtered on PD-10 columns (Pharmacia Biotech AB, Uppsala, Sweden) to remove EDTA and incubated for 3 h at 37 Њ C with 0.5 M MDA at a ratio of 100 l MDA/mg LDL. Unbound MDA was removed by gel filtration. MDA-LDL thus prepared exhibited modification of 60-65% of the lysine residues, as evaluated by the trinitrobenzene sulfonic acid assay. In addition, agarose electrophoresis and spectrofluorometry at 400/470 nm were used to confirm the MDA modification of LDL.
Antibody analysis. ELISA methods were used to quantitate serum Ig and specific antibodies of different subclasses. For analysis of total Ig isotypes, polystyrene microtiter plates were coated overnight at 4 Њ C with 5 g/ml of rat anti-mouse Ig capture antibodies (Table I) in a coating buffer with 100 mM NaHCO 3 and 1 mg/ml Na 2 EDTA. Plates were then washed thoroughly with PBS with 0.05% Tween-20 and incubated with PBS with 5% BSA for 30 min at room temperature to prevent nonspecific binding. Mouse sera were incubated for 1 h at 37 Њ C in duplicate wells, using a serum dilution of 1/100 in PBSTween. After rinsing, conjugated antibodies to IgM, IgG, IgG2a (all alkaline phosphatase-conjugated), or IgG1 (peroxidase-conjugated) were added to the wells for a 1-h incubation at 37 Њ C, plates were again washed, and enzyme activities were developed using p -nitrophenyl phosphate (Sigma Chemical Co.) or o -phenylenediamine dihydrochloride (Sigma Chemical Co.) to visualize alkaline phosphatase and horseradish peroxidase, and read at 405 and 450 nm, respectively.
To quantitate specific antibodies, microtiter plates were conjugated with 15 g/ml LDL or MDA-LDL under the same conditions as for capture antibodies described above. Plates were blocked and washed as described, and sera were added at 1/80 for analysis of IgM antibodies to LDL and MDA-LDL, 1/20 for IgG, and 1/5 for IgG1 and IgG2a antibodies to LDL and MDA-LDL. Detection was performed as described above. The ratio of absorbance on plates coated with MDA-LDL divided by the absorbance on plates with native LDL was calculated to estimate antibody titers in order to correct for nonspecific binding of autoantibodies to LDL.
Immunohistochemistry. T cell cytokine expression was evaluated by immunohistochemical analysis of spleen sections (36) . Fresh-frozen, air-dried sections were fixed with 2% paraformaldehyde in PBS at room temperature for 20 min. To increase antibody access and inhibit endogenous peroxidase activity, sections were incubated for 1 h at room temperature in the dark with 1% H 2 O 2 , 2% sodium azide (Sigma Chemical Co.), 0.1% saponin, 10 mM Hepes in Earle's balanced salt solution (EBSS-saponin). Endogenous biotin was blocked with an avidin-biotin blocking kit (Vector Laboratories, Inc., Burlingame, CA), and the sections were washed with EBSS-saponin and incubated in a humid chamber overnight at room temperature with mAbs against IL-4, IL-10, and IFN-␥ (Table I) in EBSS-saponin using optimal dilutions determined by checkerboard titration on spleen sections. After rinsing, the sections treated with unconjugated mAbs were incubated with biotinylated rabbit anti-rat IgG (Vector Laboratories, Inc.) for 30 min at room temperature, rinsed, and incubated with an avidin DH/biotinylated peroxidase complex (Vector Laboratories, Inc.) for 30 min. Sections treated with biotinylated mono-clonals were subsequently incubated with avidin/biotinylated peroxidase without prior incubation with biotin-anti-rat IgG. Staining was visualized by adding a diaminobenzidine-H 2 O 2 substrate solution, and sections were counterstained with hematoxylin. Controls included irrelevant, isotype-matched IgG and elimination of the primary antibody step. Unfortunately, the immunohistochemical methods for cytokine analysis could not be applied to atherosclerotic plaques, possibly because epitopes were masked by accumulating lipids.
Extraction of mRNA and reverse transcription (RT) PCR.
To explore the expression of cytokines in the atherosclerotic lesions, the heart and proximal aorta were dissected from mice at different periods on diet after perfusion with RNase-free PBS. The plaque was then separated from the proximal aorta at 4 Њ C and kept at Ϫ 70 Њ C. The plaque mRNA was extracted using Dynabeads Oligo(dT)25 (Dynal A.S., Oslo, Norway) according to the manufacturer's protocol.
The cDNA synthesis was performed by incubating the mRNA with hexanucleotides (pdN6; Pharmacia Biotech AB) at 70 Њ C for 3 min followed by mixing on ice with 0.5 mM each of dNTP, 5 mM DTT, 60 U/40 l RNasin (Promega Corp., Madison, WI), 400 U/40 l Superscript II RT (Life Technologies, Inc., Gaithersburg, MD) in RT buffer, and incubating at 25 Њ C for 10 min, 42 Њ C for 50 min, and 94 Њ C for 4 min. 1/20 of the cDNA reaction was used in the subsequent PCR reaction, total volume 50 l, according to the manufacturer (Life Technologies, Inc.). The cycling conditions were denaturation for 40 s at 94 Њ C, annealing for 45 s at 55 Њ C (IL-4) or 64 Њ C (IFN-␥ ), and polymerization for 1 min (IFN-␥ ) or 1.5 min (IL-4) at 72 Њ C. Before the samples were inserted, the PCR block was preheated to 94 Њ C. The sequences of the primers used were as follows: IL-4, 5 Ј -CCA GCT AGT TGT CAT CCT GCT CTT CTT TCT CG-3 Ј (sense), and 5 Ј -CAG TGA TGT GGA CTT GGA CTC ATT CAT GGT GC-3 Ј (antisense); IFN-␥ , 5 Ј -TGC ATC TTG GCT TTG CAG CTC TTC CTC ATG GC-3 Ј (sense); and 5 Ј -TGG ACC TGT GGG TTG TTG ACC TCA AAC TTG GC-3 Ј (antisense). Both primers were purchased from Clontech (Palo Alto, CA). As a control, we also analyzed mRNA of a "housekeeping gene," hypoxanthine phosphoribosyl transferase:
20 l of PCR products was run on 1.7% agarose gels with a 100-bp DNA ladder. The cDNA from lymph nodes of E 0 mice, as a positive control, was prepared as above. For negative control, plaque mRNA replaced cDNA as template in the PCR to preclude the possible contamination of mRNA by genomic DNA during the process of extraction.
Statistics. Wilcoxon's nonparametric significance test was used since antibody titers did not show normal distribution. The significance level was set at P Ͻ 0.05.
Results
Lesion development in E 0 mice. E 0 mice develop atherosclerotic lesions that bear a striking resemblance to the human disease. At 18 wk of age, E 0 mice fed standard mouse chow exhibited significant fatty streak lesions that were filled with macrophage-derived foam cells as well as CD4 ϩ T cells (29). 5 wk later, these fatty streaks showed signs of progression into fibrofatty plaques, with smooth muscle infiltration and the formation of fibrous caps consisting of smooth muscle cells. The disease process was accelerated dramatically in mice fed diets with either 0.15% (Western) or 1.25% cholesterol (high cholesterol). Already at 11 wk of age, after 3 wk on the high cholesterol diet, large fatty streaks were detectable at the aortic sinus. After 10 wk on the diet (18 weeks of age), these lesions had transformed into fibrofatty plaques with a smooth muscle capsule surrounding a macrophage-rich core region. As reported previously, CD4 ϩ T cells were found in clusters throughout these lesions (29) . In contrast to the findings in E 0 mice, C57BL/6 mice fed normal chow did not exhibit any signs of atherosclerosis.
Development of antibody responses to MDA-LDL in E 0 mice. Circulating antibodies to MDA-LDL were detected using an ELISA assay. We could confirm the recent report by Palinski et al. (22) that E 0 mice develop high-titer antibodies to MDA-LDL (Table II) . A minimal absorption to plates coated with native LDL was also observed (Table II) . This could be due to oxidation of LDL in the ELISA plate, which is difficult to control, or alternatively to antibody formation to the native lipoprotein if haptenization with MDA breaks tolerance. To specifically analyze antibodies directed against the MDAmodified epitopes, we therefore divided the absorbance value for antibody binding to MDA-LDL with that of antibody binding to native LDL (Table II) . This reduced the variability in the assays but did not change the tendencies observed when analyzing the absorbance data directly. Therefore, all subse- quent results are presented as absorbance ratios, in analogy with previous work (e.g., 22 ). E 0 mice rapidly developed IgM antibodies to MDA-LDL (Table II , and Fig. 1) . Titers peaked at 13 wk of age in chowfed as well as in cholesterol-fed E 0 mice (Fig. 1) . Similarly, IgG antibodies to MDA-LDL reached a peak early in disease progression (Fig. 1) . These data suggest that antibody formation culminates during the fatty streak stage; the finding of IgG as well as IgM antibodies is compatible with T cell help during the maturation of the B cell response. The titer changes of anti-MDA-LDL antibodies were not merely reflecting changes in immunoglobulin concentrations, since the latter remained unchanged during the study period (data not shown). The reduction in anti-MDA-LDL titers during progressing disease implies that no linear relationship exists between atherosclerosis and antibody titers to this oxLDL epitope.
T cell-dependent antibody responses to MDA-LDL. The development of IgG antibodies suggested a role for T cell help in autoimmune responses to MDA-LDL. To specifically address this issue, we analyzed IgG subclasses of anti-MDA-LDL-reactive antibodies in the mice. Th1-type (proinflammatory) T cells stimulate antigen-specific B cells to synthesize antibodies of the IgG2a subclass, whereas Th2-type T cells induce secretion of IgG1 antibodies (35) . These subclasses of anti-MDA-LDL antibodies were detected by an ELISA system, with MDA-LDL as the capture reagent and subclass-specific, enzyme-conjugated anti-IgG1 or anti-IgG2a as detector reagents.
As shown in Fig. 2 , E 0 mice fed a chow diet synthesized exclusively IgG2a antibodies in the early phase of disease (Figs. 2  and 3 ). The preferential production of IgG2a antibodies was not due to an increase in the total level of IgG2a, since this was unchanged during the study period (Fig. 2) . Surprisingly, the antibody subclass pattern was reversed completely in mice fed a high cholesterol diet (Figs. 2 and 3) . Here, IgG antibodies in the early phase of disease (after 5 wk on the diet) were of the IgG1 subclass, with no significant increase in IgG2a antibodies. Later on, IgG1 anti-MDA-LDL titers were lower on average but remained elevated significantly compared with controls throughout the study period (Fig. 2) . As for IgG2a, the differences in IgG1 anti-MDA-LDL titers could not be explained by differences in the total levels of IgG1 (Fig. 2) .
Since the high cholesterol diet contains cholic acid in addition to cholesterol, and since the severely hypercholesterolemic state may affect the functions of several organ systems, we also analyzed anti-MDA-LDL antibodies of mice fed a Western diet with 0.15% cholesterol and no cholic acid. These mice showed an intermediate pattern of autoantibodies, with formation of both IgG1 and IgG2a antibodies to MDA-LDL (Fig. 3) .
T cell subsets in the spleen of E 0 mice. The selective induction of IgG2a antibodies in E 0 mice suggests that B cell help was delivered preferentially by Th1 cells. In analogy, the selec- In comparison with wild-type C57BL/6 mice, spleens of E 0 mice contained larger numbers of cytokine-producing T cells (Fig. 4, and Table III ). In particular, the frequency of IL-4-and IL-10-producing Th2 cells was increased significantly. Mice on the high cholesterol diet exhibited reduced frequencies of IFN-␥-secreting cells (Fig. 4, and Table III ). In contrast, Th2 cells producing IL-10, an IFN-␥ secretion inhibiting cytokine, were reduced to a lesser extent. The Th2/Th1 ratio went up from 4.4 in wild-type C57BL/6 mice, to 11.4 in E 0 mice on a chow diet and 20.9 in E 0 mice fed cholesterol (Table III) . These findings imply that the lipid metabolic state of an animal modulates T cell differentiation and that this effect is reflected in the production of antibodies by B cells.
T cell-dependent cytokine production in atherosclerotic plaques. Since T cells infiltrate atherosclerotic plaques of E 0 mice, it was conceivable that activation of oxLDL-specific T cells occurs at this location as well as in lymphoid organs. To determine whether such an activation would involve Th1 or Th2 differentiation, we analyzed the expression of IFN-␥ and IL-4. However, immunocytochemical detection of IFN-␥-or IL-4-producing cells was not technically possible, perhaps due to the high lipid content of the tissue specimens. Therefore, we used RT-PCR to detect IFN-␥ and IL-4 transcripts. In E 0 mice fed standard chow, IFN-␥ but not IL-4 transcripts were detected in lesion RNA, implying the presence of activated Th1 but not Th2 cells (Fig. 5) . In contrast, IL-4 mRNA was detectable together with IFN-␥ mRNA in lesions from mice fed a high cholesterol diet (Fig. 5) . IL-4 transcripts were found in 50% of fatty streaks and 70% of fibrofatty plaques of choles- Figure 4 . Immunohistochemical detection of cytokine-expressing T cells in the spleen of 13-wk-old mice. C57BL/6 mice (NN) were fed chow, and E 0 mice were fed either chow (EN) or a high cholesterol diet for 5 wk (EH). Immunohistochemical staining using mAbs to IL-4 (top), IL-10 (middle), and IFN-␥ (bottom) followed by biotinylated secondary antibodies and peroxidase-avidin. ϫ200 (top), and ϫ400 (middle and bottom). terol-fed mice, implying that the appearance of Th2 cells was due to the severely hypercholesterolemic state rather than to a specific phase of lesion development (Fig. 5) .
Discussion
The results of this study show (a) that the antibody response to oxidatively modified LDL is dependent partly on T cell help to antibody-producing B cells, (b) that the hypercholesterolemic state modulates the T cell response towards a Th2 type, and (c) that the Th1/Th2 switch occurs not only in lymphoid organs but also in the atherosclerotic plaque.
Autoantibodies to MDA-LDL and other epitopes on ox-LDL are associated with atherosclerosis in humans and experimental animals. The occurrence of such a prominent systemic B cell response to oxLDL in atherosclerotic subjects and the paucity of B cells in atherosclerotic lesions (29, 37, 38) is paradoxical and suggested to us that T cells are involved in the development of anti-oxLDL antibody responses. We have found previously that T cells cloned from human atherosclerotic lesions recognize epitopes generated by oxidation of LDL (9). Therefore, it was possible that such T cells could provide help to B cells, resulting in a switch from IgM to IgG antibodies.
These data confirm previous reports (21) that IgG as well as IgM antibodies to MDA-LDL develop in hypercholesterolemic, atherosclerosis-prone E 0 mice. The subclasses of IgG antibodies identified in the present report are indicative of T cell help in the differentiation of anti-MDA-LDL-producing B cells.
T cells have been shown to play a significant role in atherogenesis (39) (40) (41) . This function is linked at least partly to their secretion of IFN-␥, an important macrophage-activating and proinflammatory cytokine (42, 43) . IFN-␥ activates macrophages to produce cytokines, oxygen radicals, and metalloproteinases, stimulates endothelial cells to express adhesion molecules, and reduces contractility and fibrogenesis in smooth muscle cells (44) . Double-knockout mice lacking the IFN-␥ receptor as well as apo E develop much less atherosclerosis than E 0 single-knockout mice (11) . This implies that IFN-␥-secreting T cells play an aggravating role in atherogenesis.
IFN-␥ is produced only by a subset of T cells, the Th1 cell (45, 46) . The other major subtype, the Th2 cells, secrete IL-4, IL-5, IL-10, and other cytokines which promote B cell activation, mast cell differentiation, and in general, humoral and allergic immune responses (46) . In the mouse, both Th1 and Th2 cells can help B cells produce IgG antibodies. However, Th1 help results in IgG2a antibodies, whereas Th2 help leads to IgG1 antibodies (45) . Therefore, the subclasses of anti-MDA-LDL IgG serve as markers of the kind of T cell help involved in the immune response.
In chow-fed E 0 mice, IgG antibodies to MDA-LDL were almost exclusively of the IgG2a subclass. This implies the involvement of Th1 help during B cell activation. Such a dominance of Th1/proinflammatory T cells is expected, both in view of the mouse strain used and the characteristics of the disease. The parental C57BL/6 strain is prone to Th1 activation and inflammatory responses and also to develop atherosclerosis when fed a high cholesterol diet. It should be interesting to evaluate antibody responses to oxLDL also in "Th2-prone" mouse strains such as BALB/c, which are more resistant to atherosclerosis (47) .
Atherosclerosis is associated with Th1-type responses: IFN-␥ and IL-2 mRNA are expressed in all advanced human plaques (42, 43), whereas IL-4 expression is found only in a minority of human plaques and at apparently lower mRNA and protein levels (our unpublished observations). In this study, we detected IFN-␥ but not IL-4 transcripts in the lesions of chowfed E 0 mice. Interestingly, plaque macrophages express IL-12, a cytokine that specifically stimulates Th1 differentiation of T cells (48) . All these findings point to a Th1 predominance among plaque T cells, and it is possible that the Th1 help to B cell antibody production observed in this study represents to a significant extent Th1 activation in atherosclerotic plaques.
To our surprise, the anti-MDA-LDL isotype switch was different in severely hypercholesterolemic E 0 mice. When such mice were fed a diet containing 0.15% cholesterol, IgG1 antibodies to MDA-LDL increased, while IgG2a antibodies were decreased compared with chow-fed E 0 mice. In mice fed 1.25% cholesterol, anti-MDA-LDL antibodies were almost exclusively of the Th2-dependent IgG1 isotype. The switch in isotype was associated with an increased number of Th2 cells in the spleen of these mice. In fact, there was a correlation between the plasma cholesterol level and the Th2/Th1 ratio. High antigen concentrations have been reported to induce Th2 responses (49, 50) , and it is possible that the increasing levels of oxLDL during hypercholesterolemia preferentially induced Th2 activation.
The Th2 bias associated with severe hypercholesterolemia could either be antigen-specific or due to a generalized effect of the hypercholesterolemic state on T cell differentiation. Two lines of evidence point towards the former rather than the latter mechanism. First, there was no difference in the total levels of IgG1 or IgG2a antibodies between E 0 mice on high cholesterol diet or chow, or between E 0 and C57BL/6 mice. Second, no strong bias towards a Th2-driven antibody response could be seen when hypercholesterolemic E 0 mice were Figure 5 . RT-PCR analysis of cytokine mRNA expression in lesions of E 0 mice. The animals were fed either normal chow for 10 wk (EN10) or a high cholesterol diet for 5 or 10 wk (EH5 and EH10, respectively). EN10 and EH5 lesions were fatty streaks, and EH10 lesions were fibrofatty plaques. As positive controls, lymph node tissue mRNA (Lnn) from E 0 mice were analyzed, and as negative controls we used lesion mRNA but omitted the reverse transcription step (Ctrl). For EN10, lesions were pooled from four mice; for EH5, two parallel samples were studied, each of which contained pooled lesions from two mice; and for EH10, three parallel samples were analyzed, each with lesions from one mouse. HPRT, Hypoxanthine phosphoribosyl transferase.
immunized with human immunoglobulin (A. Nicoletti and G.K. Hansson, unpublished observations). Therefore, although it is not ruled out completely, it appears less likely that hypercholesterolemia affects T cell responses in general. Instead, it is likely that the specific immune response to oxLDL switches to Th2-dependent B cell activation when the antigen reaches high levels in the lymphoid organs.
Th1 and Th2 cells reciprocally inhibit each other, IL-10 downregulating Th1, and IFN-␥ inhibiting Th2 activation (45, 50) . Therefore, the reduction of Th1 cells and Th1-dependent anti-MDA-LDL production in severe hypercholesterolemia could be a consequence of the Th2 induction. Alternatively, Th1 cells could be more sensitive to inhibition by oxLDL or the hypercholesterolemic state, or secondarily affected by ox-LDL-induced inhibition of macrophages (51) .
T cells secreting IFN-␥ appear in atherosclerotic lesions as well as in lymphoid organs, and it is conceivable that T cell trafficking between these two sites is intrinsic to the disease process. The appearance of IL-4 transcripts in the lesions of severely hypercholesterolemic mice shows that the systemic switch towards a Th2 response is reflected in the T cell population of the artery. This implies that changes in the autoimmune response to oxLDL associated with hypercholesterolemia affects cytokine secretion in the lesion itself-and therefore probably the progression of the disease.
This could explain the seemingly paradoxical effects of immune defects on atherosclerosis in gene-targeted murine models. For instance, immune-deficient E 0 ϫ RAG 0 (for recombination activator gene) double-knockout mice develop 40% less atherosclerosis than immunocompetent single-knockout E 0 mice when fed standard chow, but this difference is eliminated when the mice are fed a cholesterol-rich diet (12) . In the moderate hypercholesterolemia of E 0 mice fed normal chow, proatherogenic Th1 responses are likely to prevail. The severely hypercholesterolemic condition of fat-fed mice should be associated with a switch to Th2, which might affect lesion development to a much lesser extent. This possibility emphasizes the need for considering higher-level interactions when analyzing relationships between complex systems such as the immune system and metabolism.
It will now be interesting to analyze the role of functional T cell subsets in the development of atherosclerosis in humans. However, one must be cautious when extrapolating from mice to humans, since lipoprotein metabolism differs significantly between the two species (52), and since the distinction between Th1 and Th2 responses may not be as clear-cut in humans as in the mouse (53) .
In conclusion, our results point to a cooperation between T and B cells in the autoimmune response to oxLDL and identify a link between cholesterol metabolism and the activation of Th cells in lymphoid organs and atherosclerotic lesions. It will now be important to determine whether immune responses to oxLDL can be modulated by treatment and whether such an approach can be used to reduce atherosclerosis.
